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For spectroscopic diagnostic of fusion plasmas, we
have developed an atomic hydrogen collisional-radiative
model 1), in which levels are distinguished by the princi-
pal quantum number n. The statistical population dis-
tribution is assumed for diﬀerent orbital quantum num-
ber l in the same n. However, in fusion plasmas, in
many cases, this assumption may not be valid under the
radiation trapping of the Lyman lines of atomic hydro-
gen. In order to construct a code which distinguishes l
levels, electron impact excitation cross section between
each (n, l) level should be calculated; We have developed
a code which is based on the time-dependent Schro¨dinger
equation.
The Hamiltonian for this system is
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Here ”1” and ”2” denote the incident electron and the
electron of the target atom, respectively. Ж is the re-
duced mass.
The total wave function is expanded in terms of
eigenfunctions of the atom
Ψ(r⃗1, r⃗2, t) =
∑
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The expansion coeﬃcient Fβ , which gives the cross
section is obtained by the next diﬀerential equation,
which is derived from the time-dependent Schrro¨dinger
equation,
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By separating the real and imaginary parts,
Fα(x2, y2, z2, t) = F
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eq.(3) can be numerically solved,
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The real and imaginary parts are deﬁned at leapfrog
diﬀerent time steps 2). Runge-Kutta method is adopted
for solving eqs.(5) and (6). Spatially, the ﬁnite diﬀerence
method is applied.
Figure 1 shows an example of the calculation. Initial
state of atom is 2s. Wave function of an incident electron
is a plane wave function multiplied by Gaussian, whose
energy is approximately 0.5± 0.05 eV. In this study, ﬁve
levels up to n=2 are considered. Figure 1 shows snap-
shots of the squared values of the expansion coeﬃcients
for 2s, 2p magnetic sublevels in eq.(2). Conservation
of the total probability of the scattered electron is con-
ﬁrmed. Obtained excitation cross section from 2s to 2p
is 1.3×10−14cm2. We will calculate cross sections in the
wide range of the incident electron energy by including
higher lying levels of the atom.
Fig. 1: Squared values of the expansion coeﬃcients in
eq.(2), 2s, 2p (m=ʶ 1) and 2p (m=0). The horizontal
axis is taken in the direction of the incident electron.
Atom is located at the origin. Region of −25a0 ∼ 25a0
is shown.
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 To find plasma facing materials (PFM), which must 
endure a plasma irradiation, is one of the important issues in 
order to realize the nuclear fusion reactor. Tungsten material 
is one of the candidates of PFMs. However, bubble or nano-
structure formation in tungsten is observed under the 
irradiation of helium onto the tungsten surfaces. This 
structure appears not only in tungsten but also in other 
materials, e.g., iron. The nano-structure weakens mechanical 
strength and increases the tritium retention. Therefore it is 
better to avoid the nano-structure formation in PFM. To 
achieve this aim, it is necessary to reveal the mechanism of 
the nanostructure formation in PFM under helium gas 
irradiation [1-4]. Intuitively, the nano-structure formation is 
regarded as the phenomenon composed of the invasion of 
helium gas into PFM, the difussion of helium in PFM and 
the transformaiotn of PFM material. 
It is inferred that the formation of fuzz structure consists 
of the following three elementary processes[5]: Penetration 
process of incident atoms; Diffusion of the incident atoms 
and trapping by vacancies; Formation and aggregation 
processes of bubbles of the incident atoms. Therefore, 
binary-collision-approximation-based simulation is 
performed to reveal the mechanism and the conditions of 
fuzz formation of tungsten material under plasma irradiation, 
as the first step of investigation. The penetration depth of 
helium, neon, and argon gases were investigated in our 
previous study [6]. The fuzz structure is not observed under 
other noble gas plasma irradiation except helium plasma [7]. 
We review the result of our previous study first. The 
irradiation of hydrogen isotope onto tungsten material is 
also the key issue for the nuclear fusion device. After the 
review of the study of the noble gas irradiation, the case of 
the irradiation of hydrogen, deuterium, and tritium plasma is 
discussed. The penetration depth strongly depends on the 
structure of the target material. Therefore, the penetration 
depth for amorphous and bcc crystalline structure is 
carefully investigated. 
BCA simulation is performed by ACć T (atomic 
collision in any structured target) code [7]. In BCA 
simulation, multi-body interactions in a material 
approximate to consecutive two-body interactions between a 
projectile atom and the nearest neighbor atom. The size of 
the target material is set to 47:47 Å long, 47:47 Å wide, and 
9998:24 Å deep. The z-axis of the simulation box is set 
parallel to the edge of the target material whose length is 
9998:2 Å. Periodic boundary conditions are used in the x- 
and y-directions. The lattice constant of bcc crystal is set to 
3.16 Å. Amorphous structure is formed by distributing 
tungsten atoms randomly. The density of amorphous 
structure is set to the same as the density of bcc crystal. The 
temperature of the tungsten materials is set to 0 K. Helium 
(He), neon (Ne), argon (Ar), hydrogen (H), deuterium (D), 
tritium (T) atoms are injected into these tungsten materials. 
The mean depth of penetration of incident atoms for 10,000 
injections is calculated for constant incident energy from 10 
eV to 10 keV. The x- and y-coordinates of the starting 
positions of the incident atoms are set randomly. The 
incident angle is set to parallel to the z-axis, i.e., 
perpendicular to (100) surface in the case of bcc crystal. To 
calculate the mean depth, the target material is refreshed to 
the initial perfect crystal before each injection. 
Figure 1 shows the incident energy dependence of the 
sputtering yield and the mean depth of penetration in the 
cases of He, Ne, or Ar injection. The solid and dashed lines 
denote the results in the cases of bcc crystalline and 
amorphous structure, respectively. The mean depth strongly 
depends on atomic species and the structure of the target 
material. In the case of amorphous structure, the mean depth 
is almost proportional to the square root of incident energy. 
The mean depth in the case of bcc crystalline structure has a 
different profile in contrast with that of amorphous structure 
when incident energy is larger than threshold energies. It is 
found that the difference of the profiles is caused by 
channeling effect. 
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Fig. 1. Photoshop of miter bend. Grooves are engraved in 
the inside of miter bend. The width, the depth and the 
pitch of grooves are 1.0 mm, 0.76 mm, and 1.3 mm, 
respectively.  
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